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o e SECURITY INFORMATION
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PREFACE

In recent years, the trend of airborne radars has been toward shorter
and shorter wavelengths where the atrmospnere becomes increasingly rore
opaque and weathmr clutter becomes increasingly more frequent and intense,
Since either or both of these factors may seriously limit the use of such
shart wavelen;ths, an assessuent of their magnitudes is of considerable
importance, A conprehensive evaluation of this sart was made by Ryde
(1946) whose work remains as the one outstanding authoritative reference
in this field,

Ryde concerned hirself wdth the extremely broad problex related to the
detection of targets in and through clouds and precipitation. His interest
included the wavelength r-gion from 1 - 10 em, with emphasis on the upper
ed of this band., Among other things, he considered the basic srattering
and absorption croos-sections of the various atmespheric constituents and
applied these to the computation of the magnitude of the echo intensity
and attenuation due to each camponent individually., Although Ryde's work
is applicable almost in its entirety today, the results of more recent
research should be acded, and minor modifications rade, In addition,
detailed consid:iration should be given to the wavelen;ths shorter than
3 cm, the region which is just now being fully exploited. Fimlly, it is
of some practical interesi to evaluate the cumulative effvcts on the
atmosphere's transparency of the various atmospheric constituents in the
amounts and cotbinations which are likely to be found under typical or
extreme weather conditions. These are, in essence, the objectives of ihis

report,




In Part I, Mar hall, 3ast, and Gunn *zve 1ndé a fairly cornjrehensive
survey of thg‘stat.e of .mowledge of :.c';zt.tex:ing’ and attenuation by the
atmosphere, This includes some previously unpublivhed and important sork
by Haddock (1948). It contains in direct or inddruct forn the answers to
wost of the solvavle jroblems which have been, or nay be_raised in this
gereral field. However, an all-inclusive siudy would re uire practically
a corplote repetition of Ryde's excellent 1946 pojer. Because of cthe
ccnprehensive rature .of the latler japer, it is rece.siended ihat tidu
reyort ba used in conjunction with it, lherever the present sork supe rsedes
Ryde's paper; by virtue of the use of :zore recently determined ccnstants
or theoretical inforzation, it will be specifically rentioned.

Perha. s a statistical stuay us that rade by Dussey (1950) wowld be
of some praciicul utility to those interecstud in the average effucts of
the atmosphere un ricrowmve transmission, In that study, Bussey ccoputed
the frequency with .uhich various attenuation coefficicnts could be expected
to be axcceded in the vicinity of ‘ashington, D.C. The results depend, of
course, on the local rainfall and water vapor statistics. although they ray
be extrapolated, with caution, to areas of similar rainfall regiros, The
infarzation is restricted, [urthernore, to the lower layers of the atrosrhere,

The present and potential uses of nicrowsve technijues by the Air fo;co
generally invalve transmission through the veriical dirension of the atnos-
phere. Since the vertical distribution of the several attemuating elecents
(rain, snow, clouds, oxygen, ani water vapor) is generally very comple:, and
since few at.atisti’ca are gvailable on the frequencies with which they occur

in wvorious combinations; no satisfactory estimate can presently be rade of
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the amount of time during which lossus of certain magnitude can be expected.
Instead, in Part II of this report an attempt has beeén made to select some
typical idealized cloud and precipitation conditions and to compute the
ressltant opacity of the atmosphere in each case. The reader may then select
e or more of these models and carresponding losses as typisal of the

average or extress conditions unier which his radar may be required to cperate.
Such an approach to the problen may well rexlt in a better estimate of
typical lasses than a statistical survey which ic based on the necessarily
erude use of scanty data,

The wéather nodels of Part II are based primarily on physical ¢onsidera-
tions, nd are therefore largely indeperdent of geopraphical location, The
frequency of occurrence of cach type of situation may vary wddely from place
to place, but no attempt has been zade to treat such clixatological prohless,
However, the cloud .cnsities ans rates of precipitation have been described,
by adjective ratings of "high, low, or moderate" oorresponding rouzhly with
conditions generally cbierved in temperate United States.

An Appendix, & report entitlcd "Calculated Sénsitivity of Adrborne
Beather Radars®, became available Jduring the publication process., Acknowledg-
ment is made to J. S, Marshall and Walter Hitschfeld of MeGill University for
this paper. The original work was performed under joint sponsorship of
Aeronautical Radio, Inc,., and the Air Transport Association of America.
Aeronautical Radio, Inc., has kindly granted pemission for reéfroductiocn of
this paper as an appendix to this report.

The authors are indebted to Mr, Ralph J, Donaldson for valuable criticisam
and editing,
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PART 1

THE MICROWAVE PROPERTIES OF PRECIPITATION PARTICLES

by

Jo So Marshall
Te %o Re East
Ke Le 3¢ Gumn

1eGill University
Montreal, Canada




1. INTRODUCTION

In the comparatively new subject of rasdar-msteorvlozy, the theoretical
paper by Ryde (1346) stands out. In it he predicted the back-scatter and
attemuation by meteornlozical phenomsns, and, in alwmost every respect, the
results obtained in eiperiments have confirwed the predictions. The present
contribution will review the theoretical problem in the light of developasats
in the ysars that have elapsed since Ryde's work was done, and with 1eference
to the experimental results,

Fetsorlogical radar equipment provides information abeut the stricture
or pattern and about the quantity of precipitation. This paper will not be
concermed with the structursl information obtained, but will coasider the
scatterine from a small region in which the properties of the precipitation
can be taken to be uniform, and the attenuvation taken along a path of
propasation as a whole.

Plane electromasnetic aves travelling through air containing precipi-
tation are scattered and adsorbed by the particles of ice, snow or water,

Ice particles scctter soms of the radiation in all directions, but in most
cases of interest do this conservatively, without converting any into thermal
energ~, since ice is very nearly a perfect dielectric. Water, with its larger
dielestric constant, scatters more strongly than ice; in iddition, it has
considerable dielectric loes and a large part of the attemuation by rain is
due to therml dissipation. .

Thre2 quantities with the diaensions of area are derived for a particle
in the rath of a nlane travellins wave, The back-scatter cross-section { is

defined in such a wmay tint € multinlied by the incident intensity would be




the total power radiated by an isotropic sour~a which radiates the same power
in the dackward directicn as the scatterer., The "scattering cross-section®
Qg 1is such that Q., multiplied by the incident intensity, is the power
scattered by the particle. The "total absorption cross-section® Q, 4is
such that Qp times the incident intensity is tue totrl power taken from
the incident wave.

The scattering propertiss of precipitation have made possible extensive
use of microwave radar sets for meteorological purposas., The radar sigml
from precipitaticn is, however, not steady like that from a point tarjet,

The recei 'ed power at any instant is mde up of tLhe resultant >¢ the siprmals
from a very large number of particles, and depends on their exact arrangemert
in space, which is being continually changzed by the turbulunt motion of the
air. Harshall and Hitschfeld (1952) have shown that an instantaneous ohser-
vation of received power gmives very little informition about t.e pracinitation,
and the sivnal at any given range has to be averaged until a larie number

of independent retumms have been received,

This can be arransed by using a lonpepersistence display or by photo-
graphic recording so that the returns from meny transriitter pulses are
combined,

The equation for the averape received power K is

= Py Ag h
e Zr (1.1)

where P, is the transmitted power,
h is the lenzth of the pulse in space,
r the range from which the signal is being roceived,
A, the equivalent antenna sperture,

z"'the total back-scatter crosc-section of the particles in unit volume.
1
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The recsi :d nower is provortionnl to h 30 tha’ the sensitivity of

‘the nystex can W increased by lenzthenin® %he *ranscitter mulse. (If this

change is sccomranied by a rednetion in ressiver bindwidth, & further imnrove-
mont in sigmal-to-noive ritio is obtained.) lowever, the renge resolutiom is
correspondingly redured. Incroasing 4 , on *h~ ather hand, improves both
sensitivity and angular resolution, so that the antenny 1i wace as laree as
practicable.

‘The aqui~alént a3erture A, 1is lcas thas the “ctual arsa of the witene

for two reasons. Firstly, not sll the powsr coming from the rrimary leed

‘falls inside the paraholic reflector, meither is ths distribution of power
wnifons acruesd the aperturc (see e.¢. Silver (1949) sestion é.4). In normal

7adar systems the offestive aperture A' for & doint tarset is about 65° of

the astual aperture. The second roason which ap=lies onl to distrivuted
tarests. affects werther vudars. 3ome of Lhe radiated ~gier noes intd aldee
1obes and the eiges of the main bean; and thoush all of it strikes preciiitatior,
s:3e n? the rotumiod rywer sowss fron direstions to whish %'~ artunna s less
sensitive. for recaption. Tials means tiit the wwr-72 rocr!viAg aportary Ay

Por all parts of the tapee, 's leds thon 4', Lie valus for bia Gentexl

partion.

The fact that. the tarset romwslli fills the jaum at any ranse - :ioints
for the inverse stiire law for ncoi;ed rouMar versus rante; in place of the
usua), fourth nower law for 2 raint tariet such £s an atreraft., Thoush
euation (1.1) does ot mentior wavélansth erplicitly, @ increzces ranidly

as the waveleasth dacreasac, as discus 2d in the next. seétion,

>




It will be shown in ‘ection 3.2 that for & wavelensth A\ long

commared with tiie dianeler D of the partinles, the approximation

6
v % LK (1.2)

can be used, where ll(l2 depends on the dielectric constant of the material
and varies only slowly with wavelenatii (chaptcr 2). From-(1.1) and (1.2) we

have

1
*3

= TP, A, h
- #— $ K2. 1.
= 21 I (1.3)

So far we have ne~lacted the ~ttonuating «ffact of any precipit-tion
throuch which the signal may have to pass,

The intensity of planc parallel radiatior in troversing distance x
through uniform precipitation is reduced from I, to I, where

I « I, exp {-x {Q‘} . (1.4)

The suxwation is over all the particles in unit volume. In practical units,

the attenuation por kilouwetre of path length is

attsneation (db/kn) = 0,436 & Q> (1,5)
1

whare Lhe sanmation is over one cubic metre and Q‘ ie now in cm?, For
tiw cuse of wavalensth lons compared to the drop diameters (section 3.2),
we c.n use =n approxinition for 4, eguation (3.7), so that equation (1.5)

bacomes

attanvatior (db/km) = 0.4343 "—2 £ 1 (-K). (1.6)
e 1

For radar, tLa radiation Lravels thers and bach, so the numerical constant

should be doubled to ecbtain decibels per kilometre of range,




The ey ¢%e e uation %6 h~ avernne roceived vover P’ 1is, then

| -10-"'*"“*‘;*.!&—:3_" P
w2 3

m:‘& da B .
S+ S

where the Ravleich azproxisation is apnlizable.
If the attenuation of the presinitation is not raiform slom< the path,
the faztor tz‘a‘ mbnﬂ“h[{%.ﬁ over the math.

2, KFRC™TWF X

To ealculate the sentering and attemmation »f elestrmagwtic waves
Yy particles in the atmeshere, ome rmst know the 1alzes of the comnlex
2Helestric constant @ for t':e temnoratur: a vl wvavelern ths wder ~omsidwrtion.
“hr o care mot of the dielecric crastant = My be writtea

2 s a-il,

shere 4 is tis refractive index and I tie absorption coe’ficien. of the
=atzrial, “a %coral. the scatterir: and atteratior are cownlicated
®arztions of ®.(chaoter 3}, but in the special cese of wveleizth long ~ow-

Farel to diaseter,

hack-scater o JKI (1.3)
attenmation gf I (=K) (1.6)
wierre K -v’i‘:-\l .
2
-5~




For a given substar =+ = is a function of wavelength and tempersture.
Saxton (1946) measured values of n and A, for water at a few wavelengths
and calculated other values in the centimetric band, for temperatures from
0° to &0°C. Recently Lane and Saxtom (1952) h-ve reported additional
measurenents at a lower wavelength (6.2 mm) and some more accurately deter-
ained values at 1.2k and 3.2 om. As well, they have determined values of k
for supercooled water down to -6°C at three wavelengthe (see section 4.3).

In table 2.1, the variation of the refrective imdex with temperature
and wavelength is shown, and the quantities Im(-K) and K 2 nhave beem
calculated. Values for n and K are taken from Kerr (1951) for 10 em wave-
length, and directly from Lane and Saxton (1952) for the other waveleagths.

Neasurements of the quantities n and kK, for ice show that in the
centimeter band both n and K, are practically independent of A. Dunemmir
and Lamb (1945) and Lamb (194%) found Kk to be a very small quantity,
renging froe: 1.2 x 107 at OC, through 1.9 x 10”4 at <20C to 1.3 x 10”4 a3
~M0C. MNore recent measurements by Cumming (1952) give valwes for K rowghly
twice those of Lamb; Cumming'v value at -12C agrees with ons obtained at
that temperature by the MIT Dielectric Laboratory (Cusaing 1952). Both
Cusming and Lasb and Turney (1949) agree on a value of n = 1,78 for ice,
constant over the temperature range O to -20C., The refractive index data
for ice is summarised in Table 2.2,

Snowv may be considered as a mixture of two dielectrics, ice and air.
According to Debye (1929), one can calculate the ratio % for a mixture of
two dielestrics by adding the % values for the two substances in proportion

-6~
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Table 2,1
Variatioa of Refructive Index of WATER with Temperature and Wavelength
!‘c / A\ om 10 3oa 1.2h 0062
20 8.8 CRTY 6425 hoh -
10 9.02 7.80 5ehS 3.9 '
]
0 8.9 T1b he75 3
-$ 6.48 415 3.10
2 0463 2,00 2,86 2.9
kK 10 0.90 2.4k 2,90 2.37
0 147 2,9 an 2,04
2,55 1.7
20 .28 9275 9193 8926
‘ ' '2 m 09’1, O’m .’1’2 L] m
0 9340 +9300 +9055 8312
-8 8902 92
20 00474 016883 JOATL <0915
10 00688 0247 0615 1142
In ()
0 .01102 0335 0807 Jkd
-8 1026 AN




to the mass of each. MNegls ting the contribution of ‘l, for air, then g
for iee of any density is practically constant. Cumming (1952) made
measurensmts of the dielectric constant of smow of various demsities. Using
e m one finds that l varies more or less uaiformly from O.4b for 1ee
of mey 0.917 g a") to 0.50 for density 0.22 gacm™3.

Table 2,2

Varistion of Refractive Index of ICE with Temperature
(vased on data from Cumming, 1952)

1.70 At all unporatum

2.,b 2 107
7.9 = 1076

5.5 x 10.‘

0.197 At all temperatures. This 1o
for ice of wnit density, the
valus to be used vhem D {s
diameter of melted iee partiele,
in equation (1.3) Marshall emd
Ounn (1952) .

9.6 x 10~k
3.2 x 1074
2,2 x 107k
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3. SPHFRITAL PARTICLES

ddBie's Theory

A complete theory for spherical pariicles of any materiul in a non-
absorbing medium was developed by Gustav Mie (1908), Mie's work has been
restated by Stratton (1941), Goldstein (1946) anc by Xerr (1951). Using the
notation of theee later workers, the cross-sections of a spherical perticle

2 ]
v - L (" (200 1) (o, - b )| (3.1)
2 < 2 2
LY~ S, (e 1) (Jagl® « |o,)) (3.2)
n=l
2 <
ad Q- % (-Re) S (2n+1) (ay + by) (3.3)
nel

where A = wavelength in the medium,
8, = coefficient of the nth magnetic mode,

bu e coefficient of the nth electric mode.

The coefficients a, and bn are given in Appendix II in terms of
Spherical Bessel Functions of order n. The arguments of the functions are o«
and B and contain the properties of the sphere and the wavelength. The
quentity o(e %, where D is the diameter of the sphere. The quantity =
is the complex refractive index of the material relative to the medium, and
mene~Jig vhere n is the refractive index, and K, the absorptive index,

Equations (3.2) and (3.3) have been computed by Lowan (1949) for water

spheres at 18°C for various wavelengths between 3 mm &nd 10 ca.




3.2 Sl Particles (Ray vigh Approximtioe)

By expanding the &'s and b's in ascending order of & for n = 1, 2...,
formalae for Q, and Q. can be obtained which apply to smsll valwes of & .
Neglecting terms of higher than sixth power of &, oaly &, ‘1 and b2 are
significant, and they are

‘1 . = "% ('2‘1) “5 (30“)
[ I ﬁ ﬂ 3 ( . 1 éz 2 - -~ ’)

weo g (] RN P (3.8)
- 5

) f,’ % (3el0)

For diameters small compared with the wavelensth, we can obtain approxi-
mate formlse for 0" and Q, by putting e(&¢1 into these ec:ations. Them,
only the leading teim of by, the coefficient of the first eleetric mode, need
be considered, and the contribution to ¥ and Q, of all higher erder terms
in the a's and b's can be neglected. The resulting formulae are kmowm as
the Rayleigh approximations:

.ﬁoZ“s ‘2—‘12-"5 2

- ' | - (3.5)
2 6 2

Wi o |53 (3.6)

The total absorption cross-section Q. is given by equation (3.3) in
whioh the real parts of the coefficients & and b have to be obtained.
In this case, however; it does not always happen that the leading tem in bl
contributes the most to Q.. Indeed, if m is purely real, the «3 and &5

terme of bl are imginary and contribvte nothing to Q,, and of the terms
listed in equation (3.4) only the b term of o will sppesr tn Q.




—

At this s ge it 1s convenleurv to introduce a fourth cross-section Q>
the abeorption cross-section, tc accoant for the power taken from the incident
wave which is dissipated internally as heat and not scattered; it is simply
Q - Q. Putting K41 the contribution to Q, of the ® ternin by, is
the same as the leading term in Q,, 80 that this term does not appear in Qe
Then the leading term in Q, is given by (3.6) and the leading term in Q
comes from the o, termin b and is given by

2 .
Q=X .20 h(-.ﬁz:t) (3.7)

and, of course,
LA B T (3.8)
Por a pure lossless dielectric Q. 080 that Q = Qg and is given
by (3.6). For a very lossy dielectric like water and particle sises such
that (<<1, Q Qg (figure 3.2) oo that Q, = Q, and is given by (3.7).
Yor ige at OC and in the size range of snowflakes, at centimetre wavelengths
Q, and Q, are comparable and both must be calculated; Qy 1is their sum,

Jdad larger Particles

F. T. Haddoek (1948) has computed for water at 18°C the ratio between
Qg» caleulated from Lowan's (1949) Buresu of Standards tables, and Q, cal-
culated from equation (3.7). This ratio Q,(Mie)/Q(Rayleigh) is plotted in
figure 3.1 for various wavelengths. Ryde's (1946) figure 3 is a similar
lot, but of
p ’ &(m.)

* geometrical cross-section

f

for a wevelength a little over 1 ca.
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FIG. 3.1 - Ratio of actual attenuation {upper) and astual back-seattering
(lower) to that given by the Rayleigh approximation, for water
at 383.




do cam _mterpret thess curves a littls further by iumining the relative
magnitudes of the terms ix egmtion (3.1). For exasrle, for water at 1£°C,
and A e+3.0cm, we find thet the parts of the a’s and B's affecting Iy

sre %o [ay] - - 0.709 & ®
ze [by) = (0.0121 &3 « 0.6260 &) + 0.412 &
ze [b,] - - 0.000515 o

w to atS.

As long as ic[bl] 1s mech Zrester than Ec[ax],onlytho“’ term
is iapertant,, but 3t o = 0.171, 2¢ (1] = 20 [B], 50 thar G is about
tuice the Rayleigh value. As & increases boyomd tiis, Qp tends t5 am
o 1aw, wtil cther terms becowe more fwocrtamt.

The region of ¢ ir whick toe emact walwe of 3y zivezn Bbr (3.3} and the
sppromimsete walse zives by exation (3.8) [i.e. by (3.6) « (3.7)] are nearty
oma] is mown as the"Rayleiszh region Zor attemmation®. Tre 2iaweters of
cloed particles are well inside tais rezioa for all wmwelearths dowm to 3 mm.
Baiz will Yo @iecussed Iin sectiem L.

The correspondinz sitzation for beck-scatier is shown aleo i figere 33,
Nere TW rarleizgn) is slotied azzinst & for variocas wavelengths. We
shall define the "Sayleigh rerion for back-scatler® as the rexioc for which
this ratio lies betwess § and 2. I wfil be seex that for wmvelengtis up to
17 ==, the rastio stays vithiz these limits up 2o adowt o = 1, where it Za1?
rapidly. Nowewer, at lomger wavelengtis the ratio first rises beyoad 2 %o
that the region oaly extemxis to o » 0.4 or less.




At 17 mm wvaveleng Y, the Rayleigh re:‘on as defined here extends to
6 mm diameter and includes all normsl reindrop sises. At shorter wmvelengths,
the limit occurs at smaller diameters, so that at A\ = 3 ma, only perticles
less than 1 mm diamester are inside it. At 3 cm wavelength, the region is also
reduced, extending onl; to 3 mm diameter, but at A\ = 10 om it covers all
raindrop sizes 50 that the approximate formula can be safely wsed on rein.

The ratio Q,/Q, for water at 18°C, that is the propcrtion of the total
absorption cross-section which is due to scattering, has been cowputed from
Lowan's (1949) tables. This is presented in figure 3.2 for values of « wp
to 5 (1.e. covering a range of diamster up to 0.6 cm and wavelengths from 3 m
to 10 cm). It will be seen that the curves very roughly coincide, so that for
diameters and wavelengths where & = 0,8 this fraction ls 508, and where

ol = 0,5 the fraction 1s 255, There seems to be no obvious physical reason
for this result.

I.Oj

(o1}

003

ol

FIG. 3.2 - Ratio of scattering to total cross-sections for water soheres,
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3.4 Water-Coat i Ice Spheres
Aden and Kerker (1951) extendec Mie's theory to concentric sphares.
 §

Langleben and Gunn (1952) have applied this extended theory to spheres of
ice coated with water in the region «<1l. They consider a sphere which
changes gradually from all ice to ice coated with water, and finally to all
water, maintaining constant mass. The calculated cross-sections for such a
particle are plotted against the ratio of the mass of water to total mass irn
figure 3.3 for 3 cm wavelength and 1,2 ma diameter initially. As the thickness
of the water coating increases from sero, the quantities v, Q, and Q,‘
all increase rapidly from their values for ice; when the sphere is still 70X
ice (so that the water thickness is less than one-tenth of ths total radius)
T and Q, are already nearly equal to those for the all-water sphere,
Earlier still, Qt reaches a maximum value, about twice as great as that for
water. No simple explanation can be offered as yet for this extremely rapid
increase of the attenuation to twice the all-water value. For other wave-
lencths and diameters in the Rayleigh region, the curves for Qg 7 and Q
are very similar to those of figure 3.3. For larger values of o, the
scattering cross-sections do not rise so early, and Q‘ does not show such

an extrame behaviour.

.Langleben, M., P. and K. L. S. Gunn, 1952: Scattering and absorption of
microwaves by a melting ice sphere, Stormy Weather Research Group, MeGill
University, Scientific Report MW~5, under !SAF Contract AF 19(122§-217.
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PIC, 3.3 - Relative cross-sections of water-coated ice spheres,
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4,]1 Dyop S{ise-Distributions
Where Rayleigh theory is applicable, redar can be used to measure the

quantity 22 05, A more significant quantity msteorologically is the rainfall
rate, R -1.737_ P ? o 23 (where vp 1is the terminal velocity of a drop of
diameter D). To relate the two quantities the drop size-distribution must be
observed. Distributions for rain at the ground have been determined in various
parts of the world, and the distribution law, the water content N, the rain-
fall rate R, and the radar quantity Z can all ba related empirically.
(Por example, see Wexler (1948), Marshall and Palmer (1948), Hood (1950) ete.)
Various workers have calculated simultaneous valies of Z and R from the
distribution of drop siszes obtained on a horisontal surface (e.g. Marshall,
Langille and Palmer, 1947). Then from a number of such simultaneous values
plotted on loz-log paper a locus of best fit for the data of the form
Z = aR® can be computed, There have been many such Z/R relations quoted
in the literature in the past ten years, which give a wide range of Z values
for a given R, Out of these, the authors have found eight relations which
are based on measurements using raw drop size-distribution data. These, along
with pertinent information, are included in Table 4.1.

The number of points used to make up the different loci varies from
worker to worker, as does the range of rainfall rates covered, The greui
majority of the points in each case lie between 5 and 50 mm he-l,

A locus
Z = 243 RY57 2 5 factor 1,22 (4.1)
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TABLE 4.1
z Author Location How locus determined
208 R1¢53  wexler (1948) Hawaid least squares fit (A9 points)
on Axderson's
(1947) data

Y
269 R1e55 mt, Washington Cambridge, Mass least squares fit (63 points)
observation (1951)

24 R1e58  wexier (1948) on least squares fit (98 points)
Laws and Parsons'
data

200 R1¢6  Revised from Ottawa best fit by eye (with a check
Marshall and to centre locus amongst data
Palner (1948) at that slope) (250 points)

295 R1+61 Hood (1950) Ottawa best fit by eye (270 points)

505 Rl-4k Begt (1950) Shoeburyness

257 R1+45  Best (1950) Tnyslas

136 RLe5h  nest (1950) Fast Hill

will define a bend taking in the first five relations. If we include Best's
data, the locus becomes (Z = 364 R1e35 & & factor 1.75). As well, one must
recognise that there is a limit on the accuracy with which Z or R can be
calculated when samples are taken from relatively small volumes of space. The
natural variations due to the msthods of sampling usually employed may lead

to an uncertainty in Z of zs high as £ 508. Thus, if ons uses a relation
such as (4.1), it is probably good to within a factor 2 over a range of
moderate rainfalls, say 0,5 to 70 m/hr. Until more is known about the
relationship of the radar quantity Z to a meteorological quantity, such as
R, this uncertainty will have to be accepted.

* Mount Washington Observatory, 1951: Contribution to the theory of the
constitution of clouda. AQuarterly Progress Report of the Mount Washington
Observatory staff under USAF Contract .o. AF¥ 19(122)-399, Oct,23.




4,2 Scattering ¥ Rain

The curves in firure 3.1 showed the behaviour of the cxact back-
scattering cross-sections for single drops. Haddock, in plate 6 ob kis
unpublished report, has evaluated the exact cross-sections for rain of various
intensities using the drop size-distribution results of Laws and Parsons (1943).
Haddock's data has been replotted in figure 4.1 which shows L against
rainfall for tw wavelengths, 3 cm and 0.9 cm. For coupnriso:, the Rayleigh
approximate backe-scattering cross-sections are shown for these same wave-
lengthe. They are derived from summing equation 3.5 over unit volume and
substituting £ 0° = 200 R16,

Haddock doia not zive a plot of the exact Z@ for wavelengths greater
than 3 cm, but the 10 cm curve will be ldonticallto the Rayleigh cne at all
but the very heaviest rainfalls, At 0.9 cm, the exact back-scattering cross-
section is larger than the Rayieigh for low rainfalls; it is the same at a
rainfall of about 10 me/hr and then becomes less quite quickly at higher
rainfalls, being some 7.5 db below the Rayleigh value at 10 mm/hr. This
repid divergence of the two functions at 0.9 cm for heavy rainfalls is due
to the rapid descent of the ¥ -curve for that wavelength (figure 3.l) at
values of &K which correspond to raindrop diameters. However, wivelengths
shorter than 3 cm are not used in rain because of attenuation. At 3 cm wave-
length, the appropriate values of ot are somewhat lower, and on the basis of
figure 3.1 we should expect the exact cross-section to be above the Rzyleigh
value for heavy rainfall and below it for light, Haddock's curve in

figure 4.1 does not do this, but the difference between either of these

Yexact® results and the Rayleigh curve does not exceed 2 db in any case,
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4.3 Attenyation by Rady
For rain, the Rayleigh approximation for attemation does not apply

except for wavelengths of 10 cm and longer. Hence the attenuation through
rain is not given by equation (1.6), but d: ends on diameter as well as
weter content,

The data published by Laws and Parsons has been used by Ryde (1945,
1946) and by Haddock to predict the attenuation at various wavelengthe by a
given rate of rainfall. The authors have repeated some of Haddock's cal-
culations, using Laws and Parsons' data as plotted by Rigby and Marshall
(1952) and Haddock's ratio in figure 3.1. In figure 4.2 thess various

calculated attenuations are plotted against wavelength for several rates of

rainﬂall.
FIG. 4.2 - Attenuation versus wavelength
104 for rainfall of various rates.
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same results are replotted in figure 4.3. Here the abscista

is rainfall rate in mw/hr and the ordinate is attenuation divided by rainfall

rate. The values given by the Rayleigh approximation (equation 1.6) are shown

as broken lines for comparison. Thi ordinate in this diagram is the factor k

in Ryde's (1946) section 7; he suggests that, for many purposes, it may be

taken as constant for a given wavelength., At 10 cm wavelength, data 1s scarce

because Lowan's tables cannot be used, but Ryde's two points, together with

the knowledge that the Rayleigh value can be used at low rainfall rates, show
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that k is very nearly const: it, but has such * small value that it is neg-
ligible for radar purposes. At 3 cm, k 13 by no means constant and can be
represented reasonably well by the empirical relation k = 0,009 R%:3, where
R is the rainfall rate in mw/hr, However, if the rainfall rate is known to
1lie in a restricted range on any particular occasion, a suitable mean value for
k oould be used. At 9 mm, k is very nesarly constant again, though it is 5 to
10 times the corresponding Rayleigh value. This is because Haddock's ratio {s
near its maximm for these drop sizes at this wavelength.

Whenever k can be taken as constant, the attenuation in db over the
path 1s simply k times the integrel of rainfall rate along the path in
i-mm/hr,

The data of figure 4.) is only plotted at widely-spaced wavelengths, so
it is not suitable as it stands as a design chart for selecting a wvavelength for
a particular purpose. It is found, however, that in figure 4.2, which is & log-
linear plot, the Ryde curves are nearly straight lines from 3 om to 10 on vave-
length. At 10 /i, for sxample, attenuation is halved for an increase of
1.1 em, At 100 mm/hr, the curve is not so linear but the average slope is similar,

These facts make it possible to interpolate on figure 4.) and hence predict
the wavelength at which a given total attenuation will be encountered over a
given path, In Table 7.1, the data for attenuation by rain for four wavelengthe
at 16C is sumarised.

To determine exactly the effect of temperature on the curve of figures
k.2 and 4.3, it is necessary to have a set of curves of Q Nie/Q, Rayleigh
similar to those of figure 3.1 for the refractive indices of water at the

8
required wavelengths at each temperature. Ryde apparently computed these

b This involves lensthy computations, yielding a set of tables the size of
Lowan's (1949) for each temperature.




from first princi .es for a number of temperatures, since he quites values
for the attenuation at other than i8C (Ryde 1945). At that time he used the
refractive index values quoted by Saxton (1946), some of which differ from
the more recent values of Saxton and !1ine (1952).

An exact evaluation being too lengthy, the authors obtained approximate
values for the attenuation at OC for two rainfall rates at wavelengths of
0.9, 1.24, 1.8 and 3,2 cm, by interpolating amongst the curves of figure 3.1.
Interpolation is possibdle since the position of the rising part of these
curves (the important part for raindrop sizes at these wavelengths) was found
to depend mostly on the reil part of the refractive index. The values for
atteruation by rain at OC obtained in this way were compared with those at
150 and plotted as a correction curve in figure L.4; the temperature correction
curve of Ryde (1946, figure 7) is shown for comparison. They indicate a
decrease in attenuation in this wavelength region of about 10K as the tem-

. MeGill estimates
e Ryde (1946 - Pig.7)

S LT

i D N G | )
T 3 A8 6 7 T w

FIG. 4. - Approximate temperature correction curve for attenuation
by rain (Fig. 7 of Ryde (1946)) with four McGill values
superimposed. YR
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perature drops from 19 to 0°C, where Ryde fourd a J0% decrease. However,
since the McGill values are bused on an interpolation whose validity
could be questioned, it appears that Rydet's (1945) data, from which figure
4.4 was drawn, must be considered the most reliable available,
b4, Shaped Rmingrops

Sxperiments by Blanchardl on water drops in the lacoratory sussest
that ia falling the larger rainlrops are flattened into roughly odlate
spheroidal shape with axis vertical, Blanchard also shows that when a
large drop catches up and collides vith a smaller one it will oscillate
about an equilibrium shape, Such oscillations can nlso occur as a result
of aerodynamic forces on the cdrop as it falls, At any time, therefore, a
fraction of the total number of drops in the contriduting region is none
spherical, Mie's theroy dones not apply to non-spherical particles, and
no complete theory for spheroids is available, An approximate theory for
small spheroids which is analogous to the Rayleigh approximations has
been used by Atlas, Kerker and Hitschfeld (1953) however, and they find
the the flattening diminishes scatterin; and attenuntion with vertical
polarization and enhances it with horizontal polarization, There is not
much data available so far on the shape of falling rain.?

This effect cannot account for the difference between measured and
predicted averags received power because the observations were maas with
horisontally polarized radars, which wculd lead to greater measured powers

rather than smaller,

1

Blanchard, D.C., 1948: Observations on the behaviour of water drops at
terminal velocity in air. General Electric Research Labnratories: Project
Cirrus, Occasional Report No. 7.
2

Jones, D.M.A., 1952: Raindrop camere and t.ue preliminary results,
Proceedings of the Third Radar Weather Conference, McGill University,

page E-9,
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5« SNOW

5.1 Scattering by Snow

Dry snow consists of ice parti :les, either single or aggregated. In
the centimetre region, ice has a dielectric constant of 3.17 which is much
less than that of water and is independent of wavelength; in the Hayleigh
region, scattering is proportional to |K|2 and so the small absorption
coefficient ¥ of ice can be neglected. It turns out that the back-scatter
cross-section ¥ for an ice sphere is only aoout 0.22 times that for a witer
sphere of the same mass at 3 cam wavelensth.

Although an aggregate flake consists of a mixture of air and ice of low
mean density, 1% can be shown (Marshall and Guan, 1952) that @ is the same
as that for the same mass of ice in compact form, Calculations by Atlas,
Kerker and Hitschfeld (1953) and by Labrus® indicate that the shape of ice
particles or snowflakes is unimportant and that the cross-sections are only
slightly greater than those for spheres of the same mass {never more than
twice as pgreat). This means that ZSV' for snow can be predicted by catching
a sample of snowflakes, melting the;, measuring g; 06 for the resulting drops
and allowing for the velocity of fall and the dioiectric factor.

This was done in Canada by Langille and Thain (1951) who also made radar
measurements at the same time. The agreemant with the form of equation (1,1)
was within the scatter of the observations, but the received power was 4 db
less than predicted. As in the reain measurements, this difference is unexplained.

Langille and Thain's results, on further analysis (Marshall and Cunn, 1952)

yield an empirical relation between Z and R, where 2 refers to unit volume

s Reported by A, J. Higgs: Proc. Third fladar Weather Conf., McGill University,
1952, page F=2%.




of snowstorm and is the sum ¢ the sixth power: of the diameters of the flakes
when welted, and R is the snowfall rate at tha ground measured in millimetres
of water per hour. The overall relation is Z = 200 Rl’é, identical with
Canadian results for rain, Since the reflectivity of ice is 0,22 times that

of water, radar echoes from snow are 0.22 times those from rain of the same

rainfall rate.

At tion b

Attenuation by snow will be partly due to scattering out and partly due
to absorption of the incident energy (section 3.2).

According to equations (1,5) and (3.8),

attenuation (db/km) = 0.4343 ZEQ‘
- 0,4343 ( ¢ Q).
£% 24

We can use the approximate expressions (3.6 and 3.7) if the wavelength is
long compared to the particle diameters; the values of |K|2 and Im(=K) to
be used are listed {n table 2,2 and are based on Cumming's (1952} values.
This gives

attenuation at OC {db/km) e 0,00349 !l“‘_" + 0.00224 % . (5.1)
N

Ryde (1946) suggests that attenuation by snow in the Rayleigh region and

at centimetric wavelengths is given by the second term only., In Table 7.1, values
of the attenuation calculated rrom equation (5.1) for 3 temperatures show that
the first term (scattering out) becomes inportant on going to wavelengths

1 em and lower, Since Ryde (1946) used refractive index values of Dunsmuir

and Lamb (1945) his forwula for attenuation by snow must be multiplied by

roughly 2 to get the second term in equation (5.1),

~28-




5;3 Wet Snow ar _the "Bright Bang®
Atlas, Kerker and Hitschfeid {1953) show that randomly oriented

small water spheroids scatter and atteruate more strongly than water spheres
of the same volume; the increase is Ly a factor of 20 or more if the axes
of the sphercids are 10 times their diameters,

Labrun. has computed the scattering by an ice ellipsoid coated with
water for wavelengths large compared with the sise of the particle (corres-
ponding to the fayleigh approximation for spheres). He finds that even for
comparatively thin coatings the composite particle scatters nearly as well as
an all-water particle of the same shape, He confirmed this result experi-
mentally.

Extrapolating from the results of Labrum for small water-coated ice
spheroids, and Langleben and Gunn®™®{1952) for larger water-coated spheres and
the above-mentioned shape effects for water, it seems not unreasonable to
assume that the scattering and attenuation by water-cocted ice spheroids of
the size of west snowflakes at radar wavelengths is similar in magnitude to
that of spheroidal water drops of the same shape and size.

This can account for the bright band which always appears in radar pic-
tures of steady rain, The bright band is due to a regidn of enhanced re-
flectivity a few hundred feet thick just below the O° isothemm. In the 1light
of the foregoing discussion, the mechanism would be as follows:

Snow falling through the freezing level will change from flat or

needle-shaped particles or aggregates which scatter feebly, to aimilarly-

t loe. cit.

“1bid




shaped particles, which, due .0 a water coating, scatter relatively strongly.
As melting proceeds, they lose their extreme shapes and the shape factor
decreases to 1. Also, falling with greater velocity, the number of particles
in wnit vo):== becomes less.

Attenuation, like scattering, is proportional to the number of
rozi{cles per unit volume, and therefore depends on the velocity of fall,
Water spheroids absord more strongly than water spheres, and coated ice
spheroids presumably absord like water spheroids. Therefore, absorption by
molting smow will he many times that of tha resalting riin. Althoush the
bright band is comparatively thin, serious atienuation my take place when

radar observations are made through it At shallow elevations.

6. CLOUDS

‘s ¢loud droplets do not exceed 100n diameter, so that at centimetre
and millimstre vavelengths the Rayleish formulae (3.5) (3.6) and (3.7) apply
for droplets and equations (1.3) and (1.6) for cloud,

frog C )

Cloud droplets being about one-hundredth the diameter of reindrops,
£ D8 1n cloud is about 10° less than in rain, However, equation (1.3} for
:bc received power has A% in the denominator, so that it is possible to
overcome some of the effect of the very small diameters by going to the
shortest practicable wavelength. Radar sets working on wavelengths of 1,25 ca

and around 9 mm are now boing used for cloud oburnuoue By directing the

t
See "Proceedings of the Third Radar Weather Confereince®, MeGill University,
Kontreal, session B,




antenna vertic: ly, the range r, is made a minimum, and most clouds visible
to the eye are detected by the roceiver,

Radar measures the quantity 2 = 2‘. D6, whareas a more significant
quantity meteorologically is the ]ir:sidl\nter content M =¥ p ’i . To
relate the two quantities exactly would require the complete drop sise dis-
tribution. However, Atlas and Boucher’ after studying a number of such
distributions actually observed in clouds, report that a kmowledge of the
median diameter only 1s sufficient for a fairly accurate relationship, since
the shape of the distribution is similar for all clouds. Even without this
kmowledge, an approximste correlation between Z and M car be obtained
because the median dismeter shows a definite trend with N, and this can be
incorporated in the empirical law

2 = 0,0292 0+82,

where M is ingam3, and Z in b n=3,

$42 Attenustion by Clouds

Since the cluud particles lie well within the Rayleigh region at all wave-
lengths in the centimetre band, equation (1.6) applies, The liquid water

content N -% £ 03, and equation (1,6) becomos
1
attenuation (db/km) = 0.4343 &1 K In (-K)

for one-way transaission. Thus attenuation by cloud is dependent on the

1liquid water content and is independent of the particle size-distribution.
Values of the attenuation from water and ice clouds are given in

Table 7.1 ss & function of M for four wavelergths and thrze tesperatures.

For ice clouds as well 13 water clouds, Q,«Q,.

. loc. cit, pages B 1-8.




7. {HE ATMOSPHERE

1, _Scattering
Booker and Gordon (1950) have showm that a turbulent atmosphere scatters

radio waves in a manner depending on the scale of the turbulence, which may
vary from a fow om to & fev metres. In particular, long-renge poimt-to-point
transaission at centimetre wavelengths can take place by such scattering. In
a typical poimt-to-point cass, however, Gom. has shown that raim will con-
tribute more signal than the turbulence below about 1 metre wavelength and
clowd below about 3 om, provided they fill the space common "0 the trenmmitting
and receiving beams. Attemuation by the same rein or cloud throughout the
path may however reduce the signal below that for clear turbuleat air,

3ooker and Gordon's equation (2v) gives scattered power in amy directionm,
It depends on the scale of turbulence A vhich can be thought of ss the
diameter of the "blobe® of imhomogeneity in the turbulent atmosphere. Making
the approximation kv f/A\>>1, substituting the appropriste angle of scattering
and bringing the definition of Zv into line with sestion 1 of the present
paper, we obtain !

L o 2 1t ? a3,
1 24

where (M41)2 is the mean square deviation of refractive index in parts per
million
and l is the scale in om.

¢ Gordon, W, E., 1952: A comparison of radio scattering by precipitation and

by u turbulent atmosphere. Proceedings of the Third Radar Weather Conference,
MeGill University, page F-17.

-32-




Zag Atpospheric gttenuation
Yan Vieck (1947) has discvssed in detail the mechanism of attonuation

in the clear atmosphere.

It has been shown by infrared spectroscopy that oxygen molecules
have a magnetic dipole moment, and water vapour molecules have an elsctric
dipols moment. Thcse give rise to lines in their absorption spcctra
which lie in the centimetre and millimetre region. This means that radio
or radar propagation is subject to adsorption by the oxygen and water
vapour ia the atmosphers,

These cbsorption lines are subject to the usuzl amount af "pressure
broadening®. In weter vapour, under atmospheric conditions, the moet
important line bas a line half-width of about 0.1 ca~le Since the wave-
numter of the line iteelf is only 0,7 CI'l. however, the line is relatively
very droad, having a resonant wavelength of 1,38 cm with half-width of adbout
0,18 e, 90 that iis influence extends over such of the microwave region.
Additional effects are found due to other adsorption lines in the neightor-
hood of 0,2 cm wavelength.

Beckar and Autler (1546) measured the damping of a large cavity
reronator filled with air and vater vapour. They used wavelengths detween
0.75 cm and 1,7 cm, Their results are plotted as part of curve (c¢) in
figure 7.1. The experiments were perforsed at 4SC, but have been corrected
to 20C in plotting the curve to bring it ihto line with the other curves,
The dashed portions of curve (c) are calculations by Van Vleck from a
theoretical formula with the constants chosen to fit Becker and Autler's
results, Curve (c) is drawn for ome gm w3, and attenuction ie approximately

proportional to water vapour content in the amnunts encountered in the

atmosphere,




Dicke, Beringer, Kyhl : 4 Vane (1946) used a radiometer to investigate
absorption by atmospheric water vapour at 1.0 cm, 1.25 cm and 1,5 cm. Though
the accuracy is not high, the results are consistent with those of Becker and
Aatler.

The situation for oxygen differs in two respects froa that for water
vapour; the most important absorption is caused by a mumber of closely-spaced
lines instead of a single line, and, in addition, oxygen has a line at sero
frequency, while water vapour has not.

Van Vleck (1947a) predicted the positions of about 25 oxygen absorption
1ines between 0.45 and 0,56 cm, and these have been measxred with & sensitive
microvave spectrometer at very low pressures by Burkhalter, Anderson, Smith
and Gordy (1950). At atmospheric pressure, however, pressure brosadening converts
them into an unresolved band of absorption. Lamont (1948) measured attemustion
in air from 0.45 to 0.58 ca wavelength over a path of a few km in the field,
and his results are plotted as points in figure 7.1,

At the time that Van Vleck's calculations were made, it was believed that
the 1ine breadth constant Ay was the same froa line to line, though its
value was not known. Accordingly, he assigned several altermative values to
A® and the predicted attenuation for A% = 0,02 ca”l and A9 « 0,05 ca”l
are plotted against wavelength in figure 7.1, curves (a) and (b). (These are
similar to Ryde's (1946) figure 1, curves (a) and (b).)

Var; Vleck's predictions include a line at zero rrequency, and this accounts
for most of the attenuation at wavelengths from 1 cm upunrdo? Its intensity
is directly proportional to the line breadth and therefore tn the pressure, but

s Ar alternmative approach to this kind of absorption can be msde by using
Debye's theory of polar molecules in dielectrics.

3



no measurements appear to have been made to determine the line breadth constant.
One method 38 to plot the theoretical curves, choose the one which fits the
measused values of attenuation in the 0.5 cm region, and assume the remainder
of the curve is also valid. This mkes A¥ = 0,02 cal the best choice

(eurve (8) of figure 7.1) because it fits Lamont's results the hest.

Recent measurements on pure oxygen, however, (see Anderson, Smith and
Gordy, 1952) show that the line breadth constant varies from one line to
another in the 0.5 cm region; its value lies betwsen 0.03 and 0.05. We cannot
say vhich, if any, of these values applies to the zero=-frequency line, so the
whole attemuation curve for dry air from 1 cm wavelength upvard is unknowm.

No measurement has been made above 0.6 cm specifically to define the curve,
though a single reliable msasurement at & wavelength between 1 and 10 em would
suffice.

The possidility remains of using the results of the water vapour experi-
mnts already mentioned, by extrapolating to sero water vapour content.
Because of their particular experimental method, Becker and Autler found it
necessary to eliminate the contribution of oxygen to the absorption in such a
way that it cannot be determined. The Radicmeter method of Dicke et al (1946)
msasured combined attenustion of oxygen and various amounts of water vapour,
80 that if the scatter of the observations were small enough the part due to
oxygen could be found by extrapolating to zero water vapour. Only the results
at 1.0 cm wavelength are good enough for thiu; they indicate a most probudle
value which lies on curve (a) (corresponding to AV = 0,02 ca™l) ond that
the attenuation is unlikely to be as great as shown by curve (b) which can

be taken as an upper liait.
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Teaaperatur and pressure are #igcussed by Van Vleck in his two papers.
Por a given quantity of water vapour, attemiation is proportional to p-}
and to T°2 10-278/T 4t the maximm of the resonsnce curve, to p and to
73 10°278/T o the s1des of the curves, and to p and to T°V2 g1l away
from the reconance. Of oourse, if the air is kept saturated with water vapour
while the temperature changes, the water vapour content iteelf will alter,
and this additiomal factor must be taken into acoount,

Pressure effect on atucepheric oxygen arises from increased pressure
broadening and alsc from an increase in the number of molecules per unit
volume, In the region of strong absorption, the attenuation is proportional
to p and to T°3/2, bt in the region of the "sero-frequensy® absorption
(from say 2 to 10 om wavelength) it is proportional to p2 and to 1°5/2,

Table 7.1 is a summary of the results of the preceding sections and gives
wrking values of the attemuation by rain, mow and clouds,
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Valves of ATTENUATION in dboa™>

|

(one way)

PRY S

3,310 516
o 68,6x1075 R

3,3x10" 34 +6

+ 22,910%0
-»' 1.6

3307 5

o 15,710°° R

3.32x10™n1 6
o 12,2210™% R

3.32x1071+6
o 160" R

3.32x107kR1 ¢
o 2,00010°% &

1o4mx10"31+6
o 1,790 »

148107316
o 0,59x10°3 &

1o0mx20"31s6
o 0,41x10°3 R

0,0483 M
0.0630 M
0,0858 X

0,112 X
(extrapolated)

0.128 X
01N
0,267 M

01l N
0,406 X
0,532 M
0,684 N

40362207 ¥
1obbal0™ N
1x1077 ¥

6435x10") X
2,11x10°3
1.45x10"3 N

874220 N
2,91x10°3 x

o ———

& Theee are empirical equations. For the more mt relatiors on which they are based,

ses section L.) and fieure LoJe
SThe offect of temperature is discussed in section L. and summarised in figure Lek. The

offect of non-sphericity on and has heen neglected. 6
* Ag long as snowflakes are in the Hayleigh region. A value of RelO or e 99 1is an upper
linit for snowfall rates,
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8, THE DIR:C1ION OF FUTURE RLCSEZARCH

8.1 Befrqctive Indices

8.2

The msasured values of the refractive index of water for various
vavelengths and temperatures are guite adequate for mizrowave-
precipitation wrk. The fact that the mesasured values fit the
theoretical formulae 3o well (see, for example Saxton, 1546) allows
interpolaticon and oxtrapolation about these values to be made with

confidence.

The situation for ice is not 3o wll established. There is
agreement on the value of the real part of the refractive index and
on its independence of tempsrature and wavelength variation in the
micromave region. However, mesasured values of the imaginary part
differ by a factor 2. Probadbly further determinatioms of this
quantity are in order.

Raln
While anomalies in raindrop sise-distributions continue to be

reported, they seem to appear at an squilibrium rate and make a very
small dilution of the zeneral hiroadagreement. Data will continue to
accumulate a3 an adjunct of eny scattering and attenuation msasure-
monts that are made. PFor a better understanding of the rain mechanism,
a more detailed study of the size-distributiun with time from a given

shower, and variations with precipitation type, is needed.

Though Ryde (1945) evaluated the attenuation by rain at four
wavelsngths, and various temperatures, the work may bear repeating for
the slightly changed values of the refractive index of water which
have been reported since his computations were made. The final results

e e e e




8.3

L e e .

should not be very dif' :rent but in view ur the appreciable
attenuation by rein, and the magnitude ¢f the computational work,
it might be worth while essentially repeating Ryde's work by
compiling a table of the Mie amplitude functions for water at OC
similar to Loman's (1949) 18C table,

If non-spherical drops occur in natural vain, the scattering
and attenuation could be considerably affected. Shaped raindrope
are thought to be rare but a raindrop photography program undertaken
recently by the Illinois State Water Survey should provide a definite
answer to this problem.

There is & general scarcity of point to point measuremsnts of

attenuation by rain.

One outstanding unsolved problem is the source of the 4=7 db.
difference between the actual signal received from both rein and
snow and that predicted from the theory,

Snoy
The dielectric properties of ice and snow and wet snow have

been measured in the lab by Cumming (1952). There is still, howsver,
the disagreemsnt about the valus of the imaginery part (k) of the
refractive index, Labrum in Australia has observed the scattering
from single melting spheroidal ice particles.

Taere has been little experimentsl work done on either scattering
or attenuation by falling snow. There is a need for laboratory
experiments to study the melting of natural snowflakes, both single
crystaband aggregates. Point to point measurements of attenuation

by melting asnow would be particularly valuable.



8.4 Clowd
Laboratory experiments on the scattering by singls water
spheres have been done, and give results in good agreement with
theory. laboratory experimenis to determine the dielectric
properties of water cloud are possible and might provide amongst
other thirgs a possible clue to the 4=7 db discrepancy betwsen

actual and predicted scattering mentioned above.

8.5 Atmosphere

The attenuation due to water vapour has only been measured
at wavelengths 0.7 and 1.7 cm, but the necessary theoretical basis

for extrapolating beyond these limits seems to be satisfactory.

The most noticeable gap in present knowledge of atmospheric
attenuation is a direct and reliable measurement of the zero-frequency

line in oxygen under atmospheric conditions,

A laboratory experiment at any wavelength over 1 cm on dry air
at atmospheric and at very low pressures, or a field experiment at
any wavclength over 3 cm at a low humidity would determine the
line breadth constant and remove the uncertainty at all wavelengths
abovs the 0.5 cm band. However, since the attenuation appears to be
not much greater than 0.01 db/km it is difficult to measure and at the
sane time usually unimportant in practice. Any application in which

it becomes important to know it precisely will probably suggest a way

of measuring it accurately.




